Abstract-This paper presents a printed circuit board realization of a K -band portable frequency-modulated continuous-wave radar transceiver with beamforming array for short-range localization. The transmitter channel of the proposed radar consists of a free-running voltage-controlled oscillator (VCO) and a single patch antenna. A linear frequencymodulated chirp signal is generated by the VCO, which is controlled by an analog "sawtooth" voltage generator. The receiver channel has a four-element linear beamforming array, a six-port circuit, and a baseband circuit. The beam of the array can be continuously steered in a range of ±45°on the H-plane through an array of vector controllers. Each vector controller is capable of simultaneously controlling the phase and the amplitude of the corresponding array element. The design principle of the binary-phase-shift attenuator, the vector controller, and the radar system are discussed. Calibration method of the array is introduced to minimize the errors caused by component variation and fabrication. The radiation patterns of the array with phase-only beam steering and phase-amplitude beamforming are measured and compared, demonstrating the advantage of the beamforming design. System-level experiments showed that the proposed solution is suitable for short-range localization. In addition, experiments with a human subject revealed the capability of the proposed radar system to discriminate a human target from other objects based on the vital-Doppler effect.
steering systems increase the size, weight, and cost while limiting the reliability. For consumer electronics, the size of the system is usually essential in order to be mounted on existing devices and equipment, such as automobiles and medical instrument, without affecting their profiles and functions. Phased array radar systems, which feature lightweight, low profile, and high steering speed [9] , overcome the drawbacks of mechanical beam steering systems. However, a conventional phased array is expensive, especially at frequencies above the K -band. This is mainly because conventional solutions require high-frequency phase shifters, which have a limited number of manufacturers and are expensive. New beamforming techniques are emerging for higher frequencies. One of the simplest approaches to realize beam steering at frequencies above 24 GHz is using delay methods and radio-frequency (RF) switches [10] [11] [12] . However, these methods usually have limited number of steering angles, and the signal routing will be troublesome with an increasing number of steering angles. Other techniques, such as current-reused active phase shifting [13] , local oscillator (LO) phase shifting [14] , [15] , and vector modulator [16] , [17] , are based on solid-state circuits. The LO phase-shifting technique requires a complex multiphase voltage-controlled oscillator (VCO) and multiple phase select switches. Its steering angles are also discrete. The vector modulator technique based on the concept of vector sum [18] [19] [20] , which features continuous phase and amplitude control, is a good alternative to high-frequency phase shifters.
Regarding radar systems, continuous-wave (CW) radars have the advantage of low transmit power, simple structure, and high sensitivity, which enable wide applications in various areas. The frequency-modulated continuous-wave (FMCW) radar is one of the most popular CW radar types [21] [22] [23] [24] with the ability to obtain absolute range information. Transceiver architecture based on six-port [25] features, simple structure, and high performance, and has been used in biomedical interferometry radars [26] , [27] and FMCW radars [28] , [29] .
In this paper, a K -band portable FMCW radar with beamforming array is proposed. To the best of the authors' knowledge, this is the first printed circuit board (PCB) realization of short-range localization radar with beamforming capability in K -band. The proposed radar system includes both the transmitter and receiver channels. The transmitter channel consists of a VCO and a single patch antenna. A "sawtooth" voltage generated by an operational-amplifier-based circuit is used to control the VCO to generate a frequency-modulated RF signal from 23.5 to 24 GHz. The receiver channel consists of a beamforming array, a six-port circuit, and a baseband circuit. The beamforming array is a four-element linear array. Each element is a series-fed microstrip patch array antenna. The beam of the array can be continuously steered with a range of ±45°on the H -plane through an array of vector controllers. The vector controller is based on the concept of vector sum [18] , [19] . However, different from previous works [18] [19] [20] that are based on either integrated circuits or bulky modules, this design realizes the concept in K -band by simple microwave structure and p-i-n diodes on a PCB. Each vector controller is capable of controlling the phase and the amplitude of the corresponding array element of the fourelement linear array. The beat signal of the FMCW radar is detected by the six-port circuit and then sampled by the soundcard of a laptop. The whole radar system is fabricated on PCB. Characteristics of the vector controller are measured. As PCB implementation of a K -band system inevitably suffers from errors due to component variation, mismatch, soldering, and fabrication errors, a calibration method is proposed and experimentally demonstrated as effective.
The proposed solution will be implemented on a Rogers RO3006 laminate. The radiation patterns of the beamforming array will be measured to confirm that the proposed system can form more complex beam patterns since the vector controller can simultaneously control both the phase and amplitude of K -band signals. In system level measurement, the advantage of beamforming with lower side lobes to minimize ghost images for localization will be demonstrated. Finally, an experiment will demonstrate the radar system has a high motion sensing sensitivity to capture the vital-Doppler effect and discriminate living targets from stationary targets. This paper will be organized as follows. Section II will present the design principle of the proposed radar system. In Section III, experiments will be performed to demonstrate the calibration procedure for the beamforming array, and the patterns of the beamforming array steered to different angles will be measured. Section IV will present experiments that demonstrate the advantages of the proposed radar system for short-range localization. Finally, a conclusion will be drawn in Section V.
II. DESIGN PRINCIPLE
This section presents the design principle for the proposed radar system. Fig. 1 illustrates the top-level block diagram of the proposed radar system. In the transmitter channel, a "sawtooth" voltage sequence is generated by the "sawtooth" generator [28] , [30] . This "sawtooth" voltage sequence is used to control a free-running VCO to generate a frequencymodulated RF signal. Half of this signal is transmitted by a transmitter antenna and the other half is used as a LO to drive the six-port circuit. Regarding the receiver channel, the beamforming array receives the signal reflected by targets. Then a six-port circuit is used to detect the beat signal, which is processed by a baseband circuit and sampled by the soundcard Top-level block diagram of the proposed radar system with beamforming array. of a laptop. The beamforming array is a four-element linear array. The beam of the array can be continuously steered on the H -plane through an array of vector controllers. The vector controllers are controlled by an eight-channel DAC, which is driven by a data acquisition device (DAQ) through a serial peripheral interface (SPI) bus.
The baseband signal processing method has been reported in [28] and [30] . A reference pulse sequence is used to align the phase of each beat signal and maintain the coherence of radar system.
A. Beamforming Array
Typically, in a transceiver system, an array can be implemented in either the transmitter or the receiver. For beamforming array designed in this paper, if it is used in the transmitter, the RF amplifiers used in the array should be able to handle relatively high power levels (above 0 dBm) in order to maintain enough transmit power. In this case, the linearity requirement for the RF amplifiers is difficult to be satisfied, especially in K -band. Therefore, this work has a single patch antenna on the transmitter side and an array on the receiver side.
The beamforming array in the proposed radar system is designed to be steerable on the H -plane and fixed on the E-plane on the receiver channel. The fundamental theory of the proposed beamforming array is based on the authors' previous work [31] . The proposed beamforming array in this radar system is a four-element linear array. The distance between adjacent elements is λ/2. Each array element is a three-element series-fed microstrip patch array antenna. Fig. 2 demonstrates one channel of the proposed beamforming array, which has a three-element series-fed microstrip patch array, a low-noise amplifier (LNA), and a vector controller cascaded in sequence. The vector controller has a pair of binary-phaseshift attenuators, a power divider, and a quadrature coupler.
1) Antenna:
The three-element series-fed microstrip patch array antenna is designed with a narrow beamwidth on the E-plane and a wide beamwidth on the H -plane. Fig. 3 shows the simulated patterns of the H -plane and the E-plane. The gain of the single three-element series-fed microstrip patch array is 9.41 dB. The beamwidth on the E-plane is 48.6°, and the beamwidth on the H -plane is 81.5°.
2) Binary-Phase-Shift Attenuator: The binary-phase-shift attenuator is the key component in the vector controller. The schematic of the binary-phase-shift attenuator is illustrated in Fig. 4 (a). The attenuator is designed based on a quadrature coupler, which has two p-i-n diodes terminating ports b and c, respectively, with proper matching structures and bias circuits. Ports a and d are the input and output ports, respectively. The relation of the reflected voltage waves, incident voltage waves and the S-parameter matrix of an ideal quadrature coupler can be written as ⎡
where
V − is the reflected voltage wave at each port, and V + is the incident voltage wave of the corresponding port. Based on the connection shown in Fig. 4(a) , the reflection coefficient of an ideal p-i-n diode is =V The S-parameter matrix of the binary-phase-shift attenuator can be expressed as
where S atten is the S-parameter matrix of the attenuator. Combining (1) and (2), the S-parameter of the attenuator can be derived as
For an ideal quadrature coupler, V + c = − j V + b , thus, S 11 = S 22 = 0, i.e., the input and output of the attenuator are matched. The attenuation and phase shift of the attenuator are
It is known that the resistance of an ideal p-i-n diode varies according to its forward bias current and can range from 0 to hundreds of . Thus the reflection coefficient of an ideal p-i-n diode, without considering parasitics, varies from −1 to 1. According to (5) , When the resistance is 50 , = 0 for a 50 system, which results in the maximum attenuation from port 1 to port 4.
From (6) , there are two phase states for this attenuator, i.e., 0°and 180°, achieving binary phase shift required for the proposed vector controller. However, parasitics and PCB fabrication errors introduce an error between the binary phase states. For example, Fig. 4(b) is the measured results of a prototype binary-phase-shift attenuator at 23.75 GHz with bias voltage increasing from 300 to 800 mV. A phase difference of 130°is achieved for the binary phase states, and the attenuation ranges from −4 to −20 dB.
B. Vector Controller
The block diagram of the vector controller is shown in Fig. 2 . The input RF signal is divided into two channels, and each channel has a binary-phase-shift attenuator, which has two phase states, i.e., 0°and 180°. After the attenuators, these two channels are combined with a quadrature coupler. DC block capacitors and bias circuits are added to control the bias currents of the p-i-n diodes.
For an input signal x = sin(2π f c t) passing through the vector controller, the output y can be written as
where f c is the carrier frequency, M I = ±A I /2 and M Q = ±A Q /2, with A I , A Q being the attenuations of the two attenuators. The signs of M I and M Q are determined by the phase states of the two attenuators, i.e., M I and M Q are positive when the phase state is 0°, and are negative when the phase state is 180°. As shown in Fig. 5 , the output y can be mapped to the constellation diagram. The radius A between point y and the origin in Fig. 5 is the output amplitude, and the angle φ is the output phase shift
Based on the characteristic of the binary-phase-shift attenuator, the output distribution of the vector controller related to the bias voltages can be marked in Fig. 5 . The output signal y is distributed in all the four quadrants, which means it is possible to adjust the phase and amplitude simultaneously by changing the bias voltages of the attenuators, and the phase-shift range is 360°. A prototype of the vector controller has been designed and fabricated, as shown in Fig. 6 . The substrate of the PCB is Rogers RO3006 with a thickness of 0.254 mm. The p-i-n diode used in the prototype is Skyworks SMP1302, whose parasitic capacitance is smaller than 0.03 pF. The board is 15 mm × 43 mm.
Measured results of the prototype at 23.75 GHz are shown in Fig. 7 . Each point in the constellation diagram represents a S 21 result at certain control voltages V I and V Q . The voltage sweep range for both attenuators is between 300 and 800 mV with a 5-mV step size. For every single point in the constellation diagram, the radius A corresponds to the attenuation of the vector controller in linear scale, and the angle φ represents the phase shift of the vector controller. Since the points are distributed in all the four quadrants, the phase-shift range of the proposed vector controller can reach to 360°. The measured results match with the analysis. Fig. 8 shows two circles extracted from Fig. 7 . Each circle has a different constant attenuation. The function of the vector controller in each circle is identical to a simple phase shifter, which has a 360°phase-shift range. By simply modifying the bias voltages, more concentric circles can be extracted from Fig. 7 , which means 0°to 360°phase shifts with different [32] [33] [34] with the proposed work. Almost all the realizations of K -band phase shifters in the literature are based on monolithic techniques. However, this work is based on PCB, with 360°phase tuning range and 10-to 60-dB tunable insertion loss.
C. FMCW Radar
As shown in Fig. 1 , a free-running VCO controlled by V tune generates a K -band frequency-modulated RF signal [28] , which is transmitted by a single patch antenna. The same K -band frequency-modulated RF signal also drives a six-port circuit to down-convert the received signal and obtains the differential quadrature baseband signal. Design considerations for the parameters of the six port can be found in the literature [35] , [36] . The VCO control voltage V tune is generated by a pair of operational amplifiers. A reference signal generated at the same time with the V tune voltage is used to align the phase of each beat signal detected by the FMCW radar, thus keeping the radar system coherent. A soundcard from a laptop is used to acquire the baseband beat signal as well as the reference signal. The line-in mode of the soundcard is used, so that the soundcard can acquire two channels at the same time. One channel of the soundcard is for the reference signal; the other channel is for either the I or Q channel of the baseband output from the down-converter. As FMCW radars do not require quadrature demodulation, one channel of the I /Q baseband output is sufficient to obtain the target range information. The edges of each beat signal, which are affected by the receiver signal's return time and the falling edge of the "sawtooth" voltage should be blanked. The blanking method is illustrated in Fig. 9 . The chirp repetition period is T c = 8 ms, resulting in 1536 samples for every beat signal with a 192 ks/s sampling rate. Since our design is for short-range applications within 20 m, the corresponding receiver signal's return time (T d < 0.13 μs) is much shorter than the sample period of 5.2 μs. Thus, the major contribution of the edge distortion is due to the falling edge (T f = 1 ms) of the "sawtooth" voltage, and this edge distortion can be easily eliminated by discarding the first 200 samples at the beginning of each beat signal. The beginning of each beat signal is determined by the reference signal generated from the same circuit, which is sampled together with the beat signal. All the signal processing procedures, including aligning the phase of each beat signal, are accomplished in real time in the laptop.
D. Vital-Doppler Effect for Living Targets
Micro-Doppler has been used to characterize human gaits and differentiate moving human targets with other animals [37] , [38] . For a stationary living target, such as a human subject who is sitting or standing still, it is also possible to discriminate it from other stationary objects based on the vital-Doppler effect. The vital-Doppler effect is caused by physiological motions, such as respiration of a living target, which will slightly change the radar cross section of the target and cause a variation in the amplitude of the radardetected range spectrum at the range bins corresponding to the living target. By analyzing the variation of the range spectrum detected by the proposed FMCW radar system, living targets can be localized. Moreover, the electronic beamforming array makes it possible for the radar system to discriminate the stationary living target among other targets in a large area without mechanically turning the radar.
III. ARRAY CALIBRATION AND PATTERN MEASUREMENT
In order to control the phase of each array element, there are two typical methods to obtain the relations among the phase shift φ, the attenuation A, and the control voltages, i.e., V I and V Q . The first method is using a polynomial to fit the curves in Fig. 4(b) , which seems to be easy to execute but is not reliable due to fabrication errors, component variations, and soldering variations for a PCB-level implementation in the K -band. The other method relies on a calibration procedure to establish a lookup table, which can minimize the errors caused by fabrication, component variations, and soldering variations. 
A. Array Calibration
Array calibration requires a vector network analyzer (VNA) and a calibration antenna, denoted as "probe antenna" henceforth. In the setup, the calibration antenna and the beamforming array are placed face to face. The calibration procedure is described as follows.
1) Turn on all the four LNAs and tune the eight control voltages to get the minimum magnitude of S 21 , which means each vector controller is in the "maximum attenuation" state. Record the value of each control voltage. 2) Since the lengths of microstrip lines in different channels are designed to be the same, the signal phase delay from the receiver antennas to port 2 of the VNA is the same for each channel in the initial state (with LNAs turned on and V I = V Q = 0). As a result, the phase of each channel can be recorded in the initial state. 3) Obtain the relative phase shift as a function of control voltages for each individual channel. The relative phase shift is obtained by comparing the instant phase shift with that measured in the initial state. In this step, the LNAs of other channels are turned off and the vector controllers of the other channels are in the maximum attenuation state. Fig. 10 shows the configuration when calibrating channel 1. It should be noted that this calibration method minimizes errors introduced by fabrications, component variations, and soldering variations. However, there are still residual errors, due to factors such as unequal phase delays in the initial state. The coupling between adjacent antennas will also introduce phase shift. Despite these errors, the proposed calibration method minimizes the dominating uncertainty in controlling the beamforming array.
B. Beam Steering With Phase Control Only
Experiments have been taken to measure the far-field patterns of the beamforming array with different steering angles by changing the phase shift of the vector controllers. Fig. 11 shows the measurement environment in a microwave anechoic chamber. The distance between the beamforming array and the standard horn antenna was about 1 m. During the experiment, the beamforming array was turned from −90°to 90°with a 3°step on a turntable. The measured patterns of the beamforming array steered to different angles are illustrated in Fig. 12 . Patterns with seven different angles, i.e., −45°, −30°, −15°, 0°, 15°, 30°, and 45°, were plotted at the frequency of 23.75 GHz. The corresponding control voltages to obtain the seven patterns are listed in Table II. It can be observed in Fig. 12 that at angles of −45°a nd 45°, the side lobes of the patterns are comparable with the main lobes, which will introduce ghost images for radar applications.
Regarding the bandwidth of the beamforming array, the measured patterns of the array steered to −15°at different frequencies are illustrated in Fig. 13 . The patterns of the beamforming array at frequencies of 23.5, 23.75, and 24 GHz are consistent, which means the proposed beamforming array has a bandwidth from 23.5 to 24 GHz.
C. Beamforming With Phase and Amplitude Control
As discussed in Section II, the vector controller can tune the phase and amplitude at the same time. Thus, advanced beamforming methods, such as nulling array and beam broadening [20] , [39] , can be achieved with the proposed radar system.
In this paper, an example of beam steering with different amplitude weights is used to demonstrate the flexibility of beamforming. In this example, the amplitude weights of the four array elements are 0.5, 1, 1, and 0.5, respectively, which can achieve measured radiation patterns as shown in Fig. 14 . The steering directions were tuned to −45°, −30°, −15°, 0°, 15°, 30°, and 45°. Compared with Fig. 12 , which used phase control only to tune the steering directions, the side lobes of the patterns obtained by simultaneous phase and amplitude control were significantly lowered. However, their beamwidth were broadened as a tradeoff. The corresponding control voltages to obtain the five patterns are listed in Table III. IV. RADAR SYSTEM EXPERIMENT Experiment with the proposed radar system has been performed in a short-range localization demonstration. Fig. 15 is the photograph of the proposed radar system. The entire radar prototype has a size of 11.5 cm × 3.9 cm and weighs 69 g. The substrate material used for the RF board is Rogers RO3006, and the substrate material for the baseband board is FR4. Table IV lists the main components used in the radar prototype. In the beamforming array, the LNAs are MACOM MAAL-011111, and the p-i-n diodes are Skyworks SMP1302. In the FMCW radar transceiver part, the VCO is Analog Devices HMC739LP4, the gain block is MACOM MAAL-011111, and the Schottky diodes are Skyworks SMS7621-040LF. The main 16 . Experimental environment of short-range localization with two targets using the proposed radar prototype. components in the baseband are the operational amplifiers (Analog Devices ADA4851) and the DAC (Analog Devices AD5668). The DAC is driven by the National Instruments USB-DAQ through a SPI bus. Detailed parameters of the radar system are listed in Table V .
A. Object Targets
The short-range localization experimental setup is shown in Fig. 16 . A car and a lamppost were in the radar's field of view. The scanning angle of the radar started from −45°to 45°with a step size of 2.5°. The radar system was powered by a single 9 V battery. The first measurement was performed with phase-only beam steering, and the result is illustrated in Fig. 17 . Another measurement was performed with phase and amplitude beamforming, which was discussed in Section III. Fig. 17 . Measured result of the short-range localization experiment using the proposed radar prototype with phase-only beam steering. Fig. 18 . Experimental environment of short-range localization using the proposed radar prototype with phase and amplitude beamforming. Fig. 19 . Experimental environment of short-range localization with a human subject and two object targets using the proposed radar prototype.
The result is shown in Fig. 18 . In both results, the signatures of the car and the lamppost are present. Comparing the two measurement results, ghost images can be observed in Fig. 17 , which was caused by the large side lobes of the phase-only beam steering. On the other hand, in Fig. 18 , the ghost images are much weaker than the ones in Fig. 17 . However, it suffered from worse angular resolution, which was caused by the beam broadening effect of the adopted beamforming method.
B. Stationary Human Target and Object Targets
In the second experiment, a human subject stood in front of the car and the lamppost, as shown in Fig. 19 . The scanning Fig. 20 . Measured result of the short-range localization experiment with a human subject and two object targets using the proposed radar prototype. angle also started from −45°to 45°with a step size of 2.5°. In this measurement, the phase and amplitude beamforming method was used. Fig. 20 illustrates the measured result. Signatures of the car, the lamppost, and the human subject can be clearly seen. It should be noted that the signature of the human subject is not consistent, because of the vital-Doppler effect. To identify the human subject, ten sequences of FMCW scans were performed and the standard deviation of the detected range spectrum is drawn in Fig. 21 . With this method, the signatures of the car and the lamppost are suppressed and the human signature can be extracted, achieving human-aware localization.
V. CONCLUSION
A PCB realization of a K -band portable FMCW radar with beamforming array is presented in this paper. It demonstrated an alternative approach to achieve portable and lowcost beamforming array radar systems with vector controllers and a six-port circuit. Array patterns steered to different directions were measured. In addition, complex beamforming that utilizes both phase shift and amplitude weight of the array was realized. Two localization experiments were carried out. The first one with two stationary objects demonstrated that the system is suitable for short-range localization with an electrical beam scanning range of ±45°. The second one revealed the capability of the system to discriminate stationary human subjects from other objects based on the vital-Doppler effect. The proposed work has the potential for multiple applications, including driver assistance, indoor drone and robot navigation, industrial localization, and security surveillance. In addition, with the capability to generate complex radiation patterns, the beamforming array can be easily adopted by other communication and sensing systems.
